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Fig. 1. (a) Schematic of the molecular chain of [-phase
PVDF; (b) charge-spring model for the occurrence of piezo-
electricity in polymers; (c) piezoelectret PP (ellipsoidal
areas are gas bubble and the dark area is the polymer ma-
trix). Reproduced with permission. Copyright 2004, IEEERS.
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Table 1. Piezoelectric coefficients of some materials!'".
g d33 /[pC-N g33/V-m-N1 dz3-gs3/TPa?l d31 /pC-N! g31/Vm-N'! d3q-g31/TPa? Ref.
PZT-5H 640 0.021 13.44 —283 -0.0093 2.6 [33]
PVDF -33 0.33 —-10.89 23 0.216 5.0 [34]
PP 140 13* 1820 ~2 ~0.2 ~0.4 [35]
IXPP 620 18.06 11200 — — — [36]
X [HFEFLIFFEP )2 H: B 350 30% 10500 — — — [37]
IR
T X FIEFEPZ R 300 28* 8400 — — — [38]
FA TR IEFEP)Z — — — 32% 3 96 [17]
PDMS 350 28.8 10083 — — — [39]
d33 \y s N
*H gss = —— HHAFE], & K12,
EQEr
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Piezoelectric activity
Elastic stiffness

Density

B3 JRHLIEE (k) Ak R R (AR 0 il 2 8 Y
WA 2R, LRI 22 FLA5 K Y B T R T R (8 R i
#, NABUIT A 2006, John Wiley and Sons)

Fig. 3. Dependence of the piezoelectric activity (thick line)
and elastic coefficient (thin line) on the sample density, and
the cross section diagram of the corresponding cellular
structures. Reproduced with permission. Copyright 2006,
John Wiley and Sons[*3l.
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Expanded polymer foam

Processes:

1. Stretching

2. Expansion

0. Voiding (in scCO»)

B4 JETRERLM (L) AR & (F) T2 # 2 fUR  SER R R B2 I (B R VFRE 4, MBI A 2010, SPIE)!

Fig. 4. Schematic diagram of preparation of cellular piezoelectrets based on melt stretching (top) and foaming agent foams (bottom)

processes. Reproduced with permission. Copyright 2010, SPIEM.
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Fig. 5. Schematic of piezoelectrets of cellular fluoropolymer: (a) Schematic of uniform cellular FEP laminated film. Reproduced with

permission. Copyright 2005, IEEEMS; (b) a schematic illustration of the fabrication process with a PTFE template with parallel

rectangular openings to prepare a two-layer FEP film with tubular channels and the SEM image of the air voids. Reproduced with
the permission of AIP Publishing!*”; (c) schematic of PTFE-FEP-PTFE laminated film prepared by metal mesh patterning. Repro-
duced with permission. Copyright 2006, Springer Naturel*; (d) schematic of template patterning fabrication process of FEP lami-

nated film with parallel-tunnel structure. Images reproduced with permission. Copyright 2018, Elsevier Publishing!!7..
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Fig. 6. Schematic preparation process of other typical cellular piezoelectrets: (a) Schematic of COC laminated film prepared by su-

percritical CO,-assisted low temperature assembly method. Reproduced with permission. Copyright 2013, John Wiley and Sons!?;
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Fig. 12. Wearable sensors: (a) Voiceprint recognition system based on PP films. Images reproduced with permission. Copyright
2017, American Chemical Society!”; (b) three-dimensional cellular sensor array (3D-CSA) array for wearable biomedical monitor-
ing based on cellular PP/PZT composite films; Images reproduced with permission. Copyright 2018, American Chemical Society!™;
(c) flexible piezoelectret-based pressure sensors based on PFA films. Images reproduced with permission. Copyright 2018, Royal So-
ciety of Chemistry!™.
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Fig. 13. Self-powered wireless remote system: (a) Schematic diagram and photograph of raised bubble shape FEP laminated films;

(b) the fan can be controlled by self-powered wireless remote system. Images reproduced with permission. Copyright 2017, Royal

Society of Chemistryl™.
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Fig. 14. Underfloor energy harvesting system based on
piezoelectrets: (a) FEP/p-PTFE/FEP multilayer films;
(b) schematic view and photograph of the system. Images
reproduced with permission. Copyright 2019, Japanese
Journal of Applied Physics[™.
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Fig. 15. IXPP acoustic energy harvesters: (a) Schematic views of the preparation process, the working principle and the photo-
graphs of IXPP piezoelectret films; (b) experimental configuration of measurements for output power of IXPP acoustic energy har-
vesters; (c) cross-sectional view and optical image of IXPP energy harvesters made of a Helmholtz resonator with one IXPP piezo-
electret film; (d) free-field sensitivities of PP and IXPP microphones in audio range; (e) schematic view (inset) and generated out-
put power of an acoustic energy harvester consisting of a Helmholtz resonator with five IXPP films["®7". Images reproduced with

permission. Panels (a), (b), (c), (e) Copyright 2019, IOP Publishing Ltd., Panel (d) Copyright 2018, IEEE.
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Abstract

In this paper, the progress of micro-energy harvesters by using piezoelectret-based transducers as a core
element is reviewed, including basic physical principle and properties of piezoelectrets, and their applications in
micro-energy harvesting. Piezoelectret is electret-based piezoelectric polymer with a foamed structure. The
piezoelectric effect of such material is a synergistic effect of the electret property of the matrix polymer and the
foam mechanical structure in the material. Piezoelectret, featuring strong piezoelectric effect, flexibility, low
density, very small acoustic impedance and film form, is an ideal electromechanical material for lightweight
flexible sensors and mechanical energy harvesters. The piezoelectret prepared by means of grid, template
patterning, supercritical CO, assisted low-temperature assembly, lithography mold combined with rotary
coating and hot pressing has regular voids and good piezoelectric properties. Piezoelectret has been used to
harvest vibrational energy, human motion energy and sound energy.

According to the stress direction applied to the piezoelectrets, operating modes of energy harvesters can be
divided into 33 and 31 modes. The vibrational energy harvesters based on piezoelectret are utilized to harvest
medium frequency vibrational energy generated by factory machines, aircrafts, automobiles, etc. Such energy
harvesters can generate considerable power even in a small size. Human motion energy harvesters are generally
used to power wearable sensors. The high sensitivity, lightweight, and flexibility of the piezoelectret make such
a material a promising candidate for harvesting human motion energy. Owing to very small acoustic impedance,
high figure-of-merit, flat response in audio and low-frequency ultrasonic range, the piezoelectrets are more
appropriate for acoustic energy harvesting in air medium than conventional PZT and ferroelectric polymer
PVDF.

In the future, specific micro-energy harvesters using piezoelectrets as transduction material can be designed
and fabricated according to the practical application environment, and their performance can be enhanced by

using flexible connections of transduction elements.

Keywords: piezoelectret micro-energy harvesting, vibrational energy, human body motion energy, acoustic

energy
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